Electronic communication through molecular bridges is important for different types of experiments, such as single-molecule conductance, electron transfer, superexchange spin coupling, and intramolecular singlet fission. In many instances, the chemical structure of the bridge determines how the two parts it is connecting communicate, and does so in ways that are transferable between these different manifestations (for example, high conductance often correlates with strong antiferromagnetic spin coupling, and low conductance due to destructive quantum interference correlates with ferromagnetic coupling). Defining electronic communication as a transferable property of the bridge can help transfer knowledge between these different areas of research. Examples and limits of such transferability are discussed here, along with some possible directions for future research, such as employing spin-coupled and mixed-valence systems as structurally wellcontrolled proxies for understanding molecular conductance and for validating first-principles theoretical methodologies, building conceptual understanding for the growing experimental work on intramolecular singlet fission, and developing measures for the transferability of electronic communication as a bridge property.
INTRODUCTION
There are many instances in the molecular sciences where two parts of a system "communicate" with each other, e.g., by exchanging particles or by affecting the state or properties of one another. For example, electrons can be transferred in biomolecules or in artificial catalysts, 1,2 the orientation of local magnetic moments can be coupled to its neighbors, 3 and binding to certain sites in biological molecules or on surfaces 4, 5 can affect binding to other sites in the same system. Such communication is important for nanoscale information transfer and for elaborate functionalities in natural and artificial systems. While some of this "communication" or cooperativity 6 results from structural rearrangements such as conformational changes, certain types of communication are mediated mainly or partially via the electronic system. This is referred to as "electronic communication" here. [Note: Electronic communication might be considered a subgroup of cooperativity, in the sense that it makes the joint properties of two parts A and B of a system non-additive, even though "cooperative effect" typically has a more specific meaning in the sense that the interaction between A and a third part C affects the interaction between A and B, as in oxygen binding to hemoglobin.] Examples include single-molecule conductance, 7−18 electron transfer, superexchange spin coupling, 3, 19, 20 and (intramolecular) singlet fission 21−31 (see Figure 1) . A distinction between electronic and "magnetic" communication (the interaction between two spin centers) is not made, as both are mediated by the electronic system.
Electronic communication may be mediated by a covalent bridge, or via noncovalent interactions (e.g., via π-stacking).
One may ask whether the nature of a covalent bridge linking two communicating entities, or the way two noncovalently interacting systems are oriented with respect to each other, can determine electronic communication such that structure− property trends are transferable between different instances of electronic communication. Indeed, molecular bridges with low conductance resulting from destructive quantum interference can stabilize ferromagnetic coupling if attached to two spin centers rather than two electrodes, 32, 33 and factors which increase conductance through a bridge can favor antiferromagnetic coupling. 33−35,35−40 Also, links between electron transfer and molecular conductance have been drawn. 41, 42 For example, a recently proposed strategy to enhance long-distance molecular conductance, captodative substitution, 43 could be transferred to promote long-range charge delocalization in organic mixed-valence compounds within a first-principles framework. 44 The underlying strategy, in turn, has been inspired by concepts for stabilizing singlet diradicals. 43, 45 The more we know about how general such relations are, the better we can make predictions by transferring new insights between different branches of nanoscience, such as molecular spintronics, 46−48 molecular electronics, 7−18 electrochemistry, 49−51 and solar energy conversion. 52−55 This would also allow for spin or redox centers serving as structurally controlled proxies for metal electrodes, 44 where the frequent lack of atomistic structural control in the experiment makes quantitative comparisons with theory difficult. Transferability will be limited by different types of properties being compared, e.g., equilibrium phenomena such as spin coupling with non-equilibrium ones like conductance, and by the bridge being affected electronically and structurally by the parts of the system it is linking. To understand whether the communication properties of a bridge or gap are transferable from one situation to another (and why), it is helpful to understand how this communication is mediated in each case in terms of chemical concepts which are applicable to both situations. The goal of this work is to provide examples and counterexamples for transferability of electronic communication, and to point out gaps in our understanding of such transferability.
CONCEPTS FOR ANALYZING ELECTRONIC COMMUNICATION
For different instances of electronic communication through molecular bridges, concepts for qualitative understanding in terms of quantities such as molecular orbitals (MOs) or Green's functions have been developed. 2.1. Molecular Orbitals and Green's Functions. For example, superexchange spin coupling can often be interpreted by boiling down the differences between ferromagnetically coupled and antiferromagnetically coupled states to a twoelectrons-in-two-orbitals picture, similar to a stretched H 2 molecule. 56 In the simplest structural model for such superexchange, H−He−H, this can be understood by considering that both for the ferromagnetically coupled triplet state (bottom of Figure 2 ) and for the antiferromagnetically coupled singlet state (top of Figure 2 ), there is effectively a doubly occupied helium 1s orbital, while the difference is that there are spatially separated spin-up and spin-down orbitals ϕ A and ϕ B (roughly equivalent to the so-called magnetic orbitals) in the singlet case, reminiscent of hydrogen 1s orbitals, while the unpaired electrons in the triplet are located in orbitals corresponding to the bonding and antibonding combinations of those magnetic orbitals, ϕ 1 and ϕ 2 . In a valence-bond configuration interaction picture, the energy difference between the triplet and the singlet is a sum of two terms, one depending on the exchange integral k r r r r r r r d d ( ) ( ) ( ) ( )
favoring ferromagnetic coupling, and one proportional to the squared difference between the bonding and antibonding orbital combinations, favoring antiferromagnetic coupling, resulting in 56 Figure 1 . Schematic illustration of different instances of electronic communication via covalent molecular bridges or via noncovalent interactions. The chromophore on the right-hand side does not have an excitation arrow to indicate that in the process of singlet fission, pairs of ground-state (S 0 ) and excited-state (S 1 ) chromophores combine to yield two triplet chromophores (S 1 S 0 → T 1 T 1 ).
Figure 2.
Top: Occupied spin orbitals for the simplest example of superexchange spin coupling, a H−He−H molecule, evaluated within spin-unrestricted Hartree−Fock theory for an open-shell singlet (= antiferromagnetically coupled structure), resulting in broken spin symmetry. The two orbitals at the top (ϕ A and ϕ B ) roughly correspond to the magnetic orbitals. Bottom: Occupied spin orbitals in the triplet state (= ferromagnetically coupled structure). The two highest-energy ones, ϕ 1 and ϕ 2 , roughly correspond to bonding and antibonding linear combinations of the magnetic orbitals.
The pair of bonding and antibonding orbitals are the two singly occupied orbitals in the triplet. j 0 − j is the difference between the Coulomb integrals for two electrons in the same magnetic orbital vs one electron in each of the magnetic orbitals. It is typically large, with its structural dependence negligible compared to the other terms. This simple expression has proven very valuable in understanding structure−property relationships for spin coupling, along with others based on simple rules. 57−60 Yet, other effects such as spin polarization (visible in Figure 2 in the slight asymmetry when comparing the spin-up and spin-down versions of the He 1s orbital in the open-shell singlet case) may be relevant, 59, 60 and in some cases extensions involving excited-state terms were found to be necessary. 61, 62 As far as electron transport in the coherent tunneling regime is concerned, the zero-bias conductance g =
(where I refers to current and V to bias voltage) can be estimated from the Green's function elements between the atomic orbitals r and s mediating contact between molecule and electrode, evaluated at the Fermi energy E F ,
with the coupling parameters γ L and γ R , and where the energydependent Green's function can be simplified by considering only the frontier orbitals, 63,64 C ak refers to the coefficient of molecular orbital k with respect to atomic orbital a, and ϵ k refers to the orbital energy. HOMO and LUMO denote the highest occupied and lowest unoccupied molecular orbitals. In some cases, when one of the frontier orbitals is energetically much closer to E F than all others, the qualitative understanding of conductance may be further simplified to include just one orbital. 65 Tsuji and co-workers 32 have used this equation to make an elegant general connection between conductance and ferromagnetically coupled diradicals in showing that if the π system of an alternant hydrocarbon is augmented by two sites attached to r and s, respectively, the following relation holds for the determinants of the Huckel matrices of the original (H) and the augmented (H +rs ) systems,
[Note: A related approach for estimating conductance from the number of Kekuléstructures has been suggested by Stuyver and co-workers. 66 ] If conductance is zero because of destructive quantum interference, det(H +rs ) is zero, which is only possible if at least one eigenvalue is zero. According to the Coulson−Rushbrooke pairing theorem, 67 MO energies are distributed symmetrically with respect to E = 0, so that there must be at least two zero-eigenvalue (nonbonding) MOs; i.e., the molecule is a (triplet) diradical. Therefore, quantum interference correlates with (triplet) diradical existence in alternant hydrocarbons, where nondisjoint diradicals correspond to "easy" quantum interference and nondisjoint diradicals to "hard" quantum interference (for non-alternating hydrocarbons, a weaker correlation was also shown 32 ). Interestingly, the pairs of orbitals involved in these simple description of spin coupling and conductance are not the same: While the orbitals relevant for conductance are typically the bridge HOMO and (or) LUMO, the two extra electrons resulting from having a closed-shell thiol (or other anchoring group) making the connection to the electrodes, rather than one unpaired electron on each side from a radical group, imply that the HOMO−LUMO pair dominating conductance is one energetic level "above" the bonding−antibonding pair responsible for spin coupling 33, 34 (see left-hand side of Figure  7 , below). Based on this observation, we have argued that the frequently observed common trends of larger conductance corresponding to stronger antiferromagnetic coupling are due to either reverse trends in different pairs of orbitals, or due to MO coefficients rather than energies being dominant in conductance trends 33, 34 (also see the discussion in section 3.1 below).
2.2. Local Decomposition and Pathways. Another means of analyzing electronic communication qualitatively is local pathways and local contributions. In molecular conductance, one may ask which part of a bridge electrons are flowing through predominantly. This has mainly been addressed theoretically, 68−77 while experimental (limited) information on such pathways is available from inelastic tunneling spectroscopy. 78, 79 6) where A are atoms to the left and B atoms to the right of an interface through which current is passing, and T(E) is the energy-dependent transmission function, from which the current I in the coherent tunneling (Landauer) limit can be obtained by integrating over an energy range determined by the bias voltage V and by the electrodes' equilibrium Fermi energy E F ,
e is the unit charge and h Planck's constant, and the relationship is valid for temperatures of 0 K (but approximately also holds for higher temperatures). The analysis of conductance pathways has been linked to the presence of destructive quantum interference: When passing through a destructive interference feature (dip) in the transmission while scanning the energy axis, a feature reminiscent of ring-current reversal is observed. 68, 80 This has also been employed to understand how stacking topology is related to destructive quantum interference and thus to conductance. 81, 82 In this way, it can also be evaluated whether chemical substituents participate in such ring currents (and their reversal), i.e., whether those substituents are responsible for a destructive interference feature or not. For example, in a
The Journal of Physical Chemistry A Feature Article hypothetical protonation switch, we could show that an unprotonated amine substituent participates in the π-system such that destructive interference emerges (see Figure 3 ), while no such participation takes place when the substituent is protonated. 83 Such a conductance switch has not been realized experimentally yet, but a conceptually related one where a similar change between sp 2 and sp 3 hybridization occurs through hydroxide binding has been studied experimentally (and theoretically), 84 and fluoride binding to boron substituents has been suggested to control electron transfer through molecular wires. 85 Another example where local current flow can help understanding conductance properties involves structures where several spatial pathways are available, such that different parts of the molecular bridge may be relevant for electron transport. For example, in iron porphyrins, electrons are flowing predominantly through the porphyrin ligand rather than through the iron core 69 according to a local transmission analysis (see Figure 4 ), suggesting that modifying that ligand may be more important for controlling conductance than changing the metal center or the way it is coordinated. Similarly, for spin-polarized bridges, it is important to know whether electrons are passing through the regions with high spin density or not, to gain insight into their spin-or magneticfield-dependent transport properties. We could show that electrons passing through regions with high spin density on an organic radical correlates with the degree of "spin filtering" by these bridges, i.e., with their preference for letting pass electrons of one spin orientation over the other. 86, 87 While such filtering is not directly measurable in these radicals, it has been linked to features in shot noise experimentally. 88 For a radical bridge consisting of an oligo(p-phenyleneethynylene) (OPE) backbone with a (2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl (TEMPO) radical substituent, a local transmission analysis was used to elucidate the unexpectedly strong magnetoresistance observed experimentally (in contrast to unsubstituted OPE). 89 It was confirmed that as expected from the lack of conjugation between substituent and backbone, current does not touch the spin-polarized substituent (see Figure 5 ). This points to an intriguing and yet not understood mechanism of magnetoresistance in such structures. Comparing such relations between spin polarization on the bridge and resulting communication suggests that stronger spin polarization on the parts of the bridge which are mediating communication correlates with a stronger effect of this spinpolarized parts on communication properties in different manifestations of electronic communication, in particular in conductance, 86,87,90−92 electron transfer reactions, 93, 94 and spin coupling. 95−107 A similarly intriguing question is the distinction between through-bond and through-space pathways, which is particularly interesting in helical structures. Experimentally, molecular helices have shown surprisingly large spin polarization in Figure 3 . Transmission for an amine-substituted carbon wire attached to gold electrodes, where by a local transmission analysis, 68 the transmission dip at around −6 eV could be assigned as resulting directly from the sp 3 -hybridized substituent taking part in the π system. The transmission dip was assigned as a destructive quantum interference feature due to the reversal of ring-current-like features in the local transmissions energetically just to the left and to the right of it. When protonating the amine substituent, the whole transmission is shifted to lower energies, and the interference feature at −6 eV vanishes. 83 both conductance and photoemission experiments, which is attributed to spin−orbit coupling despite these systems being built from light atoms only such as carbon and nitrogen, 108−117 termed chiral induced spin selectivity. This effect has qualitatively (even though to a much lower magnitude) been confirmed by tight-binding and first-principles theoretical approaches. 118−123 Since this discrepancy in magnitude between theory and experiment is puzzling, qualitative analyses which help understand conductance pathways in such systems are essential. With the help of local transmission analysis, it was found that, depending on the injection position of the electrode, both through-bond and through-space transmissions are possible; 124 i.e., electrons do not necessarily always follow a helical pathway. While in the example just discussed, local transmission is allowed to go only from atom to atom (similar to other local decomposition schemes well established in quantum chemistry), an approach that allows for analyzing electron flow along arbitrary pathways has recently suggested the existence of helical orbitals and circular currents in linear carbon chains, 77 which could also be of relevance for designing molecules for chirality induced spin selective effects.
To analyze such through-bond vs through-bond contributions to exchange spin coupling, we have introduced a local decomposition of Heisenberg exchange coupling constants J (see Figure 6 ) based on an approach formulated in terms of Green's functions, 125, 126 which distributes J onto the atoms of the molecules such that
J is obtained experimentally by fitting temperature-dependent magnetic susceptibility data to a Heisenberg−Dirac−van Vleck Hamiltonian of the form 127 (9) where ŜA and ŜB are the local spin vectors of the two spin centers that are coupled, and J is positive for ferromagnetic and negative for antiferromagnetic coupling, with its magnitude corresponding to the strength of coupling. It would be interesting to check the transferability of such pathway analyses between conductance and exchange spin coupling for a common set of molecular bridges. Through-bond vs throughspace pathways are also a very recent subject of discussion in the context of intramolecular singlet fission, 26 135 which suggests that informationtheoretic concepts might be helpful in its analysis. Possibly, entropy and/or entanglement measures, as more and more popular in correlated electronic structure theory, 136−144 could play a role here.
Another aspect whose transfer might be beneficial is the detection of numerical artifacts in electronic communication: In molecular conductance calculation, unphysical unoccupied (virtual) MOs can lead up to unrealistically high transmission (termed ghost transmission). 145−147 Similar considerations are relevant when evaluating response properties such as polarizabilities. 148 When evaluating Heisenberg exchange coupling constants from Green's functions 126, 149, 150 or from perturbation theory, 151−153 where virtual orbitals play an important role, it may be possible to have similar effects.
CONTROL OF COMMUNICATION (AND ITS
TRANSFERABILITY) When designing molecular bridges, different goals may be pursued. For example, it may be desirable to achieve efficient long-range communication, resulting in, e.g., high-conductance wires or long-range ferromagnetic coupling as desirable for magnetic metal−organic frameworks. One may also be interested in switching communication via external stimuli such as light, chemically or mechanically, or modulate it gradually by such influences (e.g., as a way toward sensors). How communication responds to such control may depend on which type of communication is studied, and on the chemical details of the systems under study.
3.1. Distance Dependence. Electron transfer rates, 36, 154, 155 molecular conductance (in the coherent tunneling regime), 156 Figure 6 . A local decomposition method for Heisenberg exchange coupling constants helps disentangle the contributions from throughspace and through-bond spin coupling in naphthalene-bridged bisnickelocene complexes (left). Based on DFT (TPSSh), the overall antiferromagnetic coupling was attributed to two-thirds to throughspace coupling resulting from the π-stacked cyclopentadienyl rings, 125 with the remaining third resulting from through-bond pathways via the naphthalene linker. On the right, a dinuclear manganese complex is shown, in which two acetato ligands and one oxo ligand mediate spin coupling. The local decomposition suggests that the acetato ligands favor ferromagnetic coupling, which is overcompensated by the antiferromagnetic coupling mediated by the oxo ligand. 125 This is in line with established rules and previous first-principles analyses. 128 The Journal of Physical Chemistry A Feature Article tend to fall off exponentially with bridge length. 166 In oxidized oligothiophenes, the nature of charge carriers changes from holes (via the HOMO) to electrons (via the LUMO) with molecular length, as demonstrated by thermopower measurements. Despite this crossover, exponential decay is retained. 167 A simple explanation for this quite universal decay in the conductance case is based on eq 4): HOMO−LUMO gaps decrease with molecular length. Since typically the Fermi energy will be located between the HOMO and LUMO energies, reducing the HOMO−LUMO gap will lead to both energies moving closer to E F , so that conductance should increase. Yet, the MO coefficients on the contact atoms and thus electronic coupling to the electrodes decrease even faster with increasing length, leading to an overall decay. 156 The decrease of orbital energy splittings also applies to the pairs of orbitals determining antiferromagnetic spin coupling in eq 2). Since this term often dominates, this leads to decaying antiferromagnetic coupling as bridge lengths increase (see Figure 7 ). Exponential decay is not a universal behavior, among others because exponential decay laws are derived under model assumptions not strictly fulfilled be real-world molecules, 167, 168 because noncoherent mechanisms such as hopping may dominate, 168 or because the binding configuration changes with molecular length. 169 Also, in a given experiment such as molecular conductance, the decay factor not only depends on the bridge, but can also depend on the number of chemical links to the electrodes, e.g., oligoacene monothiols were found to have a decay constant twice as high as the analogous dithiols in conductance experiments on self-assembled monolayers. 170 In molecular conductance, it is often desirable to achieve high long-range conductance, i.e., a small falloff with distance (for exceptions, see, e.g., section 3.2). As far as spin coupling via molecular bridges is concerned, often ferromagnetic coupling over long distances is an interesting goal, for example, because this would allow for constructing magnetic metal− organic frameworks with sufficiently large pore sizes. Since high conductance tends to correlate with antiferromagnetic coupling, it is at first sight not obvious how molecular conductance and spin coupling can profit from common design principles here. However, strong antiferromagnetic spin coupling can be desirable for information transfer along spin chains, 97,172−175 in particular at elevated temperatures. Also, several interesting relations can be drawn between long-range conductance and spin coupling (and other instances of electronic communication) which can help design molecular bridges with desired properties. For example, spin-coupled systems (singlet diradicals) have inspired theoretical work toward the design of new wires with high conductance over long distances, which in the extreme case may even show anti-Ohmic behavior, i.e., increasing conductance with increasing length. 43, 45, 176, 177 Arguments based on diradical character have also successfully been transferred from molecular conductance to long-range charge delocalization in mixed-valence systems based on DFT calculations 44 (see Figure 8 ).
Increase of conductance with length was shown for fused porphyrins in STM break junctions, 178 and for thiophene SAMs on gold, in which the molecules were decoupled electronically from the electrode such that the molecular single-electron energies dominate transport rather than level pinning resulting from hybridization with the surface. 179 Nonmonotonous length dependence was also found for diketopyrrolopyrroles owing to transitions from nonresonant to resonant transport as length increases. 180 All these could be considered as examples for common trends (decreasing orbital energies with increasing length) leading to different property trends in conductance and spin coupling owing to the different dependence of eqs 2 and 4 on orbital energies. Also superexchange spin coupling is not limited to exponential decay; 181 for example, for dinuclear transition metal complexes, increasing spin coupling with increasing bridge length The Journal of Physical Chemistry A Feature Article has been observed, consistent with increasing spin polarization on the oligoacene bridges. 107 A more comprehensive understanding of how transferable length-dependent trends are between different types of communication would be helpful for transferring new design principles. For example, it has been suggested recently to employ complex band structure as a means to estimate lengthdependent decay from a single molecular structure. 182 It would be interesting to explore this as an inspiration for estimating and analyzing length-dependence of other types of electronic communication.
3.2. Quantum Interference. If two spin-bearing transition metal centers are linked by bridging ligands, orbitals of different symmetry can be involved in mediating spin coupling. 183−188 For achieving long-range ferromagnetic coupling (as desirable, for example, for constructing magnetic metal organic frameworks), it is beneficial to exploit and control as many of these pathways as possible. In that context, transferring the concept of destructive σ interference, which was recently shown to lead to molecular silicon bridges insulating more strongly than vacuum, 80 may be an interesting approach.
Destructive quantum interference is loosely related to different possible paths for a tunneling electron interfering with each other, with a more accurate description involving interactions between two or more MOs. 189−199 It is linked to molecular topology; for example, conductance through metaconnected benzene rings is strongly reduced compared with para-connected ones due to destructive interference. 68, 200 Similarly, topology controls spin coupling: meta-connected benzene rings as linkers mediating superexchange coupling between spin centers lead to ferromagnetic spin orientations in the ground state, while para-connection leads to antiferromagnetically coupled (singlet) ground states. 97,107,201−205 Similar relations hold for topology-controlled through-space coupling in π-stacked systems. 81,82,206−208 Recently, bridge control of intramolecular singlet fission has attracted interest by experimentalists and theoreticians, suggesting that topology also plays a decisive role here. 21−26,209−212 In particular, Ovchonnikov's rule for diradicals has been extended to excited states to obtain simple rules for the bound or unbound nature of excitons in intramolecular singlet fission, 210 and a relation between diradical character and singlet fission has been drawn. 213 It would be interesting to put these relations between intramolecular singlet fission and other instances of electronic communication on more solid ground in future work.
A general relation between destructive quantum interference and the existence of ferromagnetically coupled diradicals has been drawn for the π system of alternant hydrocarbons 32 (see section 2.1 for a more detailed discussion). It also applies, in a weaker form, to non-alternant ones. 32 Coming back to the question of how to control σ pathways in spin coupling, it is not obvious how this is going to translate into relations for silane bridges and diradicals with σ bridges in general.
σ,σ-Diradicals can be a challenge for first-principles electronic structure methods. 214 For evaluating our firstprinciples methodology, we therefore study a series of benzyne diradicals, for which experimental singlet−triplet energy splittings are available. 215 We obtain sufficiently good agreement with the experiment for our purposes: Experimentally, these are known to be −37.5(±0.3) kcal/mol, −21.0(±0.3) kcal/mol, and −3.8(±0.4) kcal/mol for the ortho-, meta-, and para-benzyne diradicals, respectively. Structural optimization with BP86/def2-TZVP of triplet and singlet states yields energy differences of −141.2 kJ/mol (−33.7 kcal/mol), − 79.9 kJ/mol (−19.1 kcal/mol), and −15.7 kJ/mol (−3.8 kcal/mol). We therefore apply this methodology to evaluate spin-state energy splittings and thus spin coupling in σ,σ-diradicals with bridges showing destructive σ quantum interference. 80 When removing the methyl thiolates from the "Si222" bridge studied in ref 80 , showing destructive σ quantum interference, and freezing the resulting methylene unit such that an sp 3hybridized model σ radical unit results (see structure (a) in Figure 9 ), the ferromagnetically coupled triplet is more stable than the singlet by 7.18 × 10 −3 kJ/mol (0.6 cm −1 ). This is a value so small it should not be interpreted too literally given the uncertainties associated with present-day Kohn−Sham Figure 8 . A series of mixed-valence compounds with increasing bridge length, based on captodative substitution schemes on the bridge combined with 2,5-dimethoxy-p-phenylene (DMP) redox centers. A dichloromethane (DCM) solvent environment was modeled via a polarizable continuum model (PCM). In an accompanying validation study, it was found that the density-functional-theory protocol developed by Kaupp and co-workers, 171 employing the BLYP35 exchange−correlation functional combined with a PCM, is capable of reliably describing length-dependent changes in mixed-valence classes. Based on this insight, we could suggest that the captodative substitution scheme introduced for achieving long-range (and potentially anti-Ohmic) conductance in molecular junctions 43, 45 can be transferred to long-range charge delocalization in mixed-valence compounds. 44 DFT. Yet, it should be seen in the light of the large distance between the spin centers (14.6 Å, to be compared with the 15.3 Å in the AQ ferromagnetic diradical studied in section 3.4, with its singlet−triplet splitting of 0.45 kJ/mol/37.5 cm −1 mediated by the π system). Also, all σ,σ-diradicals discussed above as reference systems show strong antiferromagnetic coupling, and when cutting the linker structures such that the simplest σ,σ-diradical is constructed from the cage-like silane core (structure (b) in Figure 9 , a similar strong antiferromagnetic coupling results (−2.60 kJ/mol/−217.2 cm −1 ).) Furthermore, when removing the six SiH 2 units in the center of the bridge and replacing them by hydrogen atoms (structure (c) in Figure 9 ), as has been studied computationally in ref 80 a weak antiferromagnetic coupling results (E S − E T = −3.07 × 10 −2 kJ/mol (−2.6 cm −1 )). This is consistent with the lack of quantum interference and the resulting much larger conductance reported for the computational transport properties for this system. 80 As stated above, these small energy differences should be interpreted with caution. Yet, given that the structures are in no way optimized for maximizing ferromagnetic coupling via σ pathways, it suggests that inspiration from recent theory and experimental work on destructive σ interference may prove valuable for designing ferromagnetically coupled σ,σ-diradicals and possibly for controlling pathways of different symmetries in spin-coupled transition metal systems.
Apart from these considerations focusing on the destructive type of quantum interference, one might also ask whether experimental and theoretical work on increasing molecular conductance by constructive interference via two (or more) parallel paths 216−218 can be transferred to exchange spin coupling. Indeed, such constructive interference has been shown for spin coupling in a bis-copper six-porphyrin nanoring. 219 Also, dinuclear copper complexes with parallel bridges have been synthesized and characterized, 97, 220 but not with a focus on constructive interference yet. It would be interesting to go beyond the transferability of the concept to check whether a given set of bridges behaves in similar ways in terms of constructive interference in conductance and spin coupling.
3.3. Switching. Quantum interference can be exploited for switching functionality, 221, 222 in which ideally one of the two states shows destructive quantum interference and the other does not. 223, 224 Also here, common trends between different instances of electronic communication are frequently observed, e.g., diarylethene photoswitches in their closed state are both better conductors and stronger antiferromagnetic couplers than in their open state. 225, 226 Switching molecular bridges is not independent of their environment; for example, the conductance ratio between open and closed forms of diarylethene molecular junctions depends strongly on the linkers used to attach the molecule to the electrodes. 227 In other cases, switches may not work at all when bridging between certain structural units: dithienyl ethene photoswitches work perfectly well when terminated by chlorine atoms, both with five-membered and six-membered rings as central bridge units, 228 lead to switchable spin coupling in organic diradicals, 225, 229 but stop showing reversible photoswitching behavior when linking two cobaltocene spin centers. 230 Based on DFT calculations, this was attributed to the multitude of possible photoswitching pathways resulting from the electronic coupling between bridge and spin centers 230 (see Figure 10 ).
As discussed above, binding of switches to electrodes can affect their switching behavior, but this binding is not wellcontrolled structurally in the experiment. Therefore, to study systematically how binding to an environment affects switchable bridges, such studies on how spin centers (or redox centers) alter switching properties may be interesting as structurally well-controlled analogs of switches in structurally less controlled situations. This would also allow for evaluating first-principles theoretical methods, which may then be transferred to molecular junctions (compare, e.g., ref 44) .
Switching conductance through protonation/deprotonation or anion binding, thus modifying the π framework, has already been discussed in the context of conductance pathways in section 2 above (see Figure 3 ). Similar switching functionality has been suggested for spin coupling. 231−233 Related concepts are switching based on H-tautomerization 234 and reduction of an expanded porphyrin resulting in transitions between Huckel Figure 10 . Before the final reduction step, a dithienyl ethene photoswitch can be switched by UV and visible light (top). After reduction, one unpaired electron emerges on each cobaltocene unit, but the envisaged switchable spin coupling could not be realized as the switch stops being functional due to the electronic coupling with the π system of the cobaltocene units (bottom). This coupling had been prevented by an sp 3 carbon atom in the non-reduced form. The strong electronic mixing leads to a multitude of accessible photoswitching pathways, so that the system "gets lost" and arrives back at the open form rather than finding the pathways that leads to the closed switch (right-hand side). 230 The dotted lines indicate one or two methylene units, resulting in five-membered or six-membered central rings. Both were tested and showed very similar switching properties. 228 The Journal of Physical Chemistry A Feature Article aromatic, Huckel antiaromatic, and Mobius aromatic character, 235 whose transferability between the different forms of electronic communication would be very interesting to study.
3.4. Substituent Effects on Electronic Communication. While the presence or absence of quantum interference and, more generally, changes to the topology of the π-system, have dramatic effects on electronic communication, substituent effects are often more subtle and can be used for chemical finetuning. 86,236−241 Recently, the relative importance of cross conjugation and electronegativity for the presence and energetic location of destructive quantum interference features was studied experimentally, supported by computational results. 242 By comparing a series of four compounds, it was found that while a cross-conjugated benzodithiophene bridge (BDT-3 in Figure  11 ) has its destructive interference feature so far from the Fermi energy that its conductance is only lowered by an order of magnitude compared to the conjugated variant BDT-1, an analogous compound with a quinone middle section has its destructive interference feature close to the Fermi energy (BDT-2), resulting in its conductance being lowered by 2 orders of magnitude. The anthracene-based reference bridge AQ has an even slightly lower conductance owing to its transmission dip being even closer to the Fermi energy. This is attributed to the electron-withdrawing nature of the quinone units.
We check whether these results are transferable to superexchange spin coupling by attaching ethynyl spacers and methylene model radical centers to each side of the aromatic cores of the bridges (see Figure 11 ) and comparing the resulting singlet−triplet energy splittings E S − E T based on Kohn−Sham density functional theory (KS-DFT). As above, the singlet, which may be open-shell in character, is modeled as a spin-unrestricted Kohn−Sham determinant starting from a broken-symmetry initial guess. 243 Indeed, the sequence of spin-state splittings matches the measured and computationally estimated conductances: For BDT-1 with its high conductance and absence of quantum interference, the singlet is strongly preferred energetically (by −35.81 kJ/mol), corresponding to strong antiferromagnetic coupling. For BDT-3 with its destructive interference feature far from the Fermi energy, E S − E T is only −2.72 kJ/mol. Going on to less and less conductive bridges, E S − E T is −0.31 kJ/mol for BDT-2, while it is positive (0.45 kJ/mol) for the least conductive bridge AQ, corresponding to ferromagnetic coupling. The lack of ferromagnetic coupling for BDT-2 despite its destructive quantum interference feature close to the Fermi energy is not an artifact of the chosen approximate The Journal of Physical Chemistry A Feature Article exchange−correlation functional BP86: Going from this pure functional to a hybrid one which features 20% of exact exchange, B3LYP, still leaves the singlet−triplet splitting at −0.31 kJ/mol, indicating antiferromagnetic coupling of the two spins in the ground state. Ferromagnetic coupling and destructive quantum interference not going hand in hand here might be related to the fact that a strict theorem for why they should has only been shown for alternant hydrocarbons so far. 32 Thus, even though no clear relation between the presence of a destructive interference feature and ferromagnetic coupling can be drawn here, and even though the difference between BDT-2 and BDT-3 is much less pronounced when considering spin coupling rather than conductance, there is a clear relation between decreasing conductance owing to destructive interference and a transition from strong antiferromagnetic to weaker antiferromagnetic or ferromagnetic coupling.
Chemical tuning of cross-conjugated bridges is being further studied in both spin coupling 244 and conductance, 245 which should allow a better understanding of the transferability of substituent effects and its limits in the future.
LIMITS OF ELECTRONIC COMMUNICATION AS A TRANSFERABLE PROPERTY OF THE BRIDGE?
There are obvious limits to transferability of electronic communication between non-equilibrium phenomena such as conductance and equilibrium properties such as spin coupling. This includes rectification and negative differential resistance, which rely on the applied bias voltage modifying the electronic (and possibly also the geometric) structure of the bridge (even though inspiration might be taken from voltage-dependent effects to address electric-field control of spin coupling, 246−250 mixed-valence systems, 251−253 and valence tautomerism, 254, 255 and heterospin biradicals have been used to gain insight into rectification in molecular junctions 256 ). Also, interfacedominated phenomena such as level pinning 257−260 can prevent transferability of bridge-specific electronic communication properties. Further reasons have been discussed in section 3.1 above.
For defining communication as a transferable property, it is further necessary that the electronic and structural properties of the bridge are sufficiently similar in the two situations that are being compared. Reasons for why this might not be the case include charge transfer between the bridge and the rest of the system, strong electronic coupling between the bridge and the surroundings, or structural rearrangements resulting from electronic or steric interactions. [Note: When considering superexchange spin coupling, structural differences between the different spin states being compared can also play a role.] Structural rearrangements between bridges in different situations can quite easily be analyzed visually or numerically. Structural rearrangements can also concern the relative orientation of the bridge and the subunits it is linking: For example, steric interactions could lead to twisting reducing the overlap between the π systems of the bridge and the donor/ acceptor units or spin centers it is linking [similar considerations could be of concern for modifying the overlap between metal d orbitals and bridging ligands], resulting in the σ system becoming more and more dominant. In the extreme case, this could imply that qualitative trends from molecular conductance experiments dominated by the π system would not be transferable anymore. To avoid such issues, it would be beneficial to compare bridges involving spacer units such as ethynyl groups, such that steric interactions between bridges and linkers are strongly reduced. As an example, consider the increase of torsional angles in the triradicals studied in ref 95 (see Figure 12 ), where the effect of an additional unpaired spin on the bridge on superexchange spin coupling was explored theoretically. Removing the ethynyl linkers from the bridge leads to an increase in the torsional angle between bridge and outer spin center π systems. As a result, the electronic effect of having shortened the bridge is nearly overcompensated, such that spin state energetics remain nearly the same.
Also, in conductance, injection into electron systems of different symmetry is likely (e.g., in π-conjugated (or crossconjugated) hydrocarbons coupled to gold electrodes via a variety of linkers such as thiolate or amine, charge is injected into both the π and the σ system). In spin coupling, often the symmetry of the orbitals containing unpaired electrons on the spin centers determine whether the σ or π system of the bridge is dominant in mediating electronic communication. 97, 128, 131, 132 Furthermore, the symmetry of donor/acceptor 261 or spin center subunits 61 can lead to rules being inverted when comparing molecular conductance with electron transfer and exchange spin coupling, respectively.
For evaluating transferability of communication beforehand, it would be beneficial to establish a general measure for evaluating the relative importance of different qualitative contributions, such as the σ and π system applicable to a broad variety of situations. This has been done already in molecular conductance, 130 but so far it was only possible for molecules with well-characterized symmetry properties. Also, when discussing exchange spin coupling in dinuclear transition metal complexes, it is common to argue in terms of pathways of different symmetries. 125, 128, 129, 133, 134 Similarly, aspects of electronic structure such as charge distribution can either be compared directly (e.g., in terms of a difference density, provided the molecular structure is sufficiently similar), or in terms of partial charges of the individual atoms and of the bridge as a whole. For analyzing how the environment it couples to affects the detailed electronic structure (MOs) of a bridge, one could transfer the concept of energetic shifting and broadening of the bridge MOs by the electrodes as described in terms of an electronic self-energy, or compare central subsystem MOs 145 for the bridge in different environments.
CONCLUSIONS AND OUTLOOK
Establishing electronic communication through molecular bridges as a transferable bridge property can help transfer Figure 12 . Lewis structures of a model system for charge transfer states, with a meta-phenylene bridge augmented by a model −NH • radical substituent for increasing exchange spin coupling. DFT calculations suggest that removing the ethynyl linkers shown on the left-hand side leads to a considerably larger twisting of the three involved rings, nearly overcompensating the effect of shortening the connection between the spin centers upon removing the linkers. 95 The Journal of Physical Chemistry A Feature Article knowledge between different areas of research, in particular between molecular electronics (molecular conductance), electrochemistry (electron transfer reactions), molecular magnetism and spintronics (exchange spin coupling), and solar energy conversion (electron transfer and singlet fission). This can include length-dependence, quantum interference/ topology effects, chemical fine-tuning via substituent effects, switching, and manipulation via external fields.
Several manifestations of electronic communication through molecular bridges show common structure−property trends. For example, for two spin centers linked by a bridge, antiferromagnetic exchange spin coupling tends to correlate with high conductance for the same bridge in a molecular junction, while ferromagnetic coupling is often associated with low conductance due to destructive quantum interference. The type of spin coupling and the magnitude of conductance are often dominated by molecular topology. Such topological arguments have recently been extended to the bound vs unbound nature of excitons in intramolecular singlet fission, 210 where again bridge-dominated common property trends were found. The recent rise of experimental and theoretical work on intramolecular singlet fission may provide a perfect means of strengthening and testing the concept of transferable electronic communication via molecular bridges.
Besides allowing for predictions of structure−property trends, such transferability would be beneficial for the interpretation of molecular conductance experiments: Owing to the lack of detailed structural control of bridge−electrode binding in many such experiments, structurally well-controlled examples of electronic communication such as donor−bridge− acceptor compounds or mixed-valence systems could provide useful proxies for studying structure−property relationships and for the validation of first-principles theoretical methods. 44 There are cases in which these relations are not clear-cut, in particular when subtle effects such as substituent tuning are studied, when electronic communication is not mediated by the π-system of alternant hydrocarbons, 32 when electronic mixing between the bridge and the units it is linking is strong (or when this attachment to external units strongly influences geometric properties of the bridge). Even in cases where common property trends are observed, they may be due to opposing trends of different pairs of orbitals, 33, 34 or due to other factors than orbital energies dominating property trends. 156 More systematic studies (both experimental and theoretical) would be required to understand in more detail when electronic communication properties are transferable and when not. This might allow to develop measures for judging transferability of electronic communication, for example, based on evaluating the significance of different qualitative contributions to communication, such as σ and π pathways, [128] [129] [130] 133, 134 or on studying local contributions of different parts of the bridge to the overall communication properties. 68, 125 Also, it would be helpful to have more welldefined (and ideally transferable) measures for how strongly a bridge's electronic and atomistic structure (and potentially its functionality, e.g., switching) is affected by the units it is linking. This is related to how strongly a bridge is mixing electronically with those units. This in turn is a topic relevant to several other areas of electronic structure theory which are tailored toward describing interacting subunits or systems embedded in an environment 262−269 Also, research on local partitioning could be inspiring here. 147,270−283 Such measures could also help judging whether within one given class of experiments, for example electron transfer, relations between bridge structure and properties are true regardless of the attached donor and acceptor units (and experimental conditions), e.g., when extending the bridge length correlates with exponential decay of electron transfer rates. 168 ■ APPENDIX: COMPUTATIONAL METHODS All molecular structures were optimized in their respective spin states, employing broken-symmetry determinants 243 for modeling the antiferromagnetically coupled ground states. The Turbomole 6.5 program package 284, 285 with the BP86 286,287 exchange−correlation functional (and, where mentioned, B3LYP 288, 289 ) and Ahlrichs's triple-ζ split-valence basis set with polarization atoms on all atoms, def2-TZVP, 290 was used. Convergence criteria of 10 −7 hartree for the energy and 10 −4 hartree for the gradient were employed. For H−He− H, the distance d(H−He) was set to 3.0 Bohr, and Hartree− Fock theory combined with a SV(P) basis set was employed for constructing the molecular orbitals.
The Cartesian coordinates of all structures are provided as Supporting Information.
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